12 United States Patent
Campbell et al.

US009069081B2

(10) Patent No.: US 9.069,081 B2
45) Date of Patent: Jun. 30, 2015

(54) RADIATION MONITORING DEVICE

(75) Inventors: Michael Campbell, Geneva (CH);
Xavier Llopart Cudie, Sergy (FR);
Lukas Tlustos, Geneva (CH); Winnie
Sze-Wing Wong, Geneva (CH); Rafael
Ballabriga Suie, Thoiry (FR); Gisela
Anton, Erlangen (DE); Thilo Michel,
Nirnberg (DE); Michael Bohnel,
Karlshuld (DE); Karl L. Schwartz,
Pyrbaum (DE); Uwe Mollenhauer,
Schwarzenbruck (DE); Ernst Fritsch,
Leutershausen (DE)

(73) Assignees: European Organization For Nuclear
Research (CERN), Geneva (CH);
Friedrich-Alexander-Universitat
Erlangen-Nurnberg, Erlangen (DE);
Ion Beam Applications S.A.,
Louvain-la-Neuve (BE)

*3)  Notice: Subject to any disclaimer, the term of this
] y
patent 1s extended or adjusted under 35

U.S.C. 154(b) by 728 days.

(21)  Appl. No.: 12/672,758

(22) PCTFiled:  Aug. 11, 2008

(86) PCT No.: PCT/EP2008/060521
§ 371 (c)(1),

(2), (4) Date:  Now. 2, 2010
(87) PCT Pub. No.: WQ0O2009/019318

PCT Pub. Date: Feb. 12, 2009

(65) Prior Publication Data
US 2011/0036988 Al Feb. 17,2011

(30) Foreign Application Priority Data
Aug. 9,2007  (EP) cooveeieeee e 07114122
(51) Imt. CL.
GOIT 1724 (2006.01)
HOIL 25/00 (2006.01)
(Continued)

(52) U.S.CL
CPC . GOIT 1/026 (2013.01); GOIT 1/24 (2013.01);
HOIL 27/14658 (2013.01); HO1L 27/14676
(2013.01); GOIT 1/247 (2013.01)

(38) Field of Classification Search
CPC ............. GOIT 1/24; GO1T 1/026; GO1T 1/17;
GOIT 1/2928; HOIL 27/14638
USPC .., 250/370.09-370.13, 336.1
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

7,391,845 B2* 6/2008 Konno .............eeeeeeen. 378/19
2002/0089595 Al* 7/2002 Oravaetal. ................... 348/302
(Continued)

FOREIGN PATENT DOCUMENTS

EP 1 069 439 A2 1/2001
JP 04-270986 9/1992
(Continued)
OTHER PUBLICATIONS

Bamberger et al., “Resolution Studies on 5GeV Electron Tracks
Observed With Triple-GEM and MediPix2/TimePix-readout.”,
Nuclear Instruments & Methods in Physics Research, Section-A:

Accelerators, Spectrometers, Detectors and Assoclated Equipment,
Elsevier, Amsterdam, NL, vol. 581, No. 1-2, Aug. 2007, pp. 274-278.

(Continued)

Primary Examiner — David Porta

Assistant Examiner — Jeremy S Valentiner

(74) Attorney, Agent, or Firm — Fitch, Even, Tabin &
Flannery LLP

(57) ABSTRACT

Radiation detector for measuring one or more characteristics
of a radiation, comprising one or more detector pixels, a clock
pulse generator, each detector pixel comprising a sensor pro-
ducing an electrical signal 1n response to an event of a photon
or charged particle of said radiation impinging on said sensor;
a pixel electronics adapted for recerving and processing said
clectrical signal, comprising an analog processing unit for
amplifying and shaping said electrical signal and producing a
shaped pulse said pixel electronics comprises time determi-
nation unit for counting the TOT-count, the TOT-count being
the number of clock pulses occurring during the time interval
when said shaped pulse 1s above a threshold. Said pixel elec-
tronics comprises a plurality of event counters, each event
counter counting the number of events having a TOT-count 1n
a predefined ranges.
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RADIATION MONITORING DEVICE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a national phase application of Interna-
tional Application No. PCT/EP2008/060521, filed Aug. 11,
2008, designating the United States and claiming priority to
European Patent Application No. 07114122.0, filed Aug. 9,
2007, both of which are incorporated by reference herein 1n
their entirety.

TECHNICAL FIELD

The invention relates to the field of radiation monitoring
devices for use 1n dosimetry, and more specifically to devices
and methods using single photon counting pixel detectors.

DESCRIPTION OF RELATED ART

Pixelated semiconductor detectors are used in X-ray imag-
ing and may be used 1n active personal dosimetry. A radiation
monitoring device can be built using the Medipix2 chip. The
Medipix2 chip and 1ts use 1s described 1n “X. Llopart, M.
Campbell, R. Dinapol1, D. San Segundo and E. Pernigotti,
MediPix2, a 64k pixel read-out with 55 um square elements
working in single photon counting mode, IEEE Trans. Nucl.
Sci. 49 (2002) 2279-2283”. In the Medipix2, when a photon
or charged particle interacts 1n the detector material, 1t depos-
its a charge which drifts towards the collection electrode. This
charge 1s then amplified and compared with two different
analog thresholds that form an energy window. If the detected
charge falls inside this energy window, a digital counter is
incremented. The Medipix2 detector comprises a sensor layer
which 1s pixelated with a pixel pitch of 55 um and a readout
chip in each pixel. The electrodes of the sensor are connected
pixel-per-pixel with the readout chip via bump-bonds. One
counter 1s present 1n each pixel-electronics. The Medipix2-
detector 1s used for example as an 1maging detector pixel
array in X-ray imaging. The number of events which have
caused an energy deposition above an adjustable threshold or
have caused an energy deposition between the upper and
lower thresholds 1n the sensitive pixel volume during a mea-
suring phase 1s counted 1n each pixel electronics. The number
of photons 1n a certain energy range, which have been trans-
mitted through an 1rradiated object, can be determined. A
drawback of the Medipix2 detector in X-ray-imaging 1s the
existence of only one lower threshold. Therefore only par-
ticles in one energy range can be counted during one acqui-
sition. If transmission i1mages ol particles from different
energy ranges should be obtained, it 1s necessary to take
several 1mages subsequently with different discriminator
thresholds for all pixels. This leads to an increased measuring,
time and to an increased dose exposition of the object to be
imaged. These measurements of the transmission of particles
of different energies can be used to improve the contrast in
combined transmission images of the object. They can also be
used to retrieve mformation on the material composition of
the object.

The use of an array of detectors and counter circuit for
dosimetry 1s known from WO 2005/008286. Each detector
pixel 1s provided with a single pair of low and high energy
thresholds. Therefore, for measuring high dynamic range,
many detector pixels are needed.

The Timepix chip was derived directly from the Medipix
development. The Timepix Detector 1s, like the Medipix2
detector, a hybrid, counting, pixelated semiconductor detec-
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2

tor with a pixel pitch of 55 um. The 1nput signal of the pixel
clectronics 1s processed 1n an analog circuit 1n the pixel elec-

tronics of the ASIC and 1s then compared with an adjustable
threshold 1n a discriminator. In one operating mode of the
Timepix, each pixel measures the length of the time during
which the strength of the input pulse of the discriminator 1s
higher than a threshold of the discriminator. This time interval
1s measured through counting of clock pulses 1n a counter.
This method 1s called Time-Over-Threshold (TOT) Method.
Each pixel contains only one counter. The time which 1s
measured 1n the counter 1s transierred at the end of the mea-
suring phase nto the readout unit of the Timepix. It 1s then
transierred to the periphery of the ASIC. The Timepix was
designed to be used 1n gas tracking chambers in particle
physics experiments without the use of a radiation sensitive
sensor layer. The Timepix has some drawbacks if 1ts Time-
Over-Threshold mode 1s used in X-ray imaging. Only one
threshold 1s available 1n each pixel. During one X-ray 1mage
the summed time-over-threshold of all reacting particles in
the sensor 1s counted in the counter of each pixel. After
readout, no information about the individual energies of par-
ticles are available. It 1s not possible to have a frame rate at
such a high frequency that the time-over-threshold of each
particle could be determined because the fluxes of photons are
very high during usual x-ray 1images.

Document W0O2006/099003 discloses a radiation detec-
tion system wherein one or more pixilitated detectors 1 are
associated each with a single channel discriminator 10. A
radiation event 1s transformed by the single channel discrimi-
nator 10 into a count value 24 related to the energy of said
radiation event. A Digital Signal Processor DSP 5, separate
from the pixels 1 and from the single channel discriminators
10, 1s utilized with said discriminators. The DSP can be
programmed for sorting the count values recerved from the
different pixels. However, depending on the number of pixels
of the pixilated detectors, the number of thresholds (1.e. the
energy resolution and range of radiation detector), and the
rate ol incident radiation events, the DSP 5 may not be
capable to cope with the mncoming data.

It 1s an object of the present invention to provide a method
and apparatus for determining one or more characteristics of
radiation with high precision, high sensitivity and a large
measuring range concerning particle flux density 1 a wide
energy range, especially in the radiological diagnostics range,
where the measurement 1s carried out in real time. It i1s also an
object of the present invention to provide a method and appa-
ratus for the determination of energy information of incident
radiation like for example the energy spectrum or the highest
energy in the spectrum, whereby the measurement can be
carried out with a very high particle flux density. Such an
apparatus can be used 1n quality assurance of medical radia-
tion 1nstallations, e.g. X-ray tubes, or 1n an apparatus for the
determination of the peak values of tube voltages (kVp-mea-
surement).

SUMMARY OF THE INVENTION

The invention relates to a radiation detector for measuring,
one or more characteristics of a radiation, comprising one or
more detector pixels, a clock pulse generator, each detector
pixel comprising (1) a sensor producing an electrical signal in
response to an event ol a photon or charged particle of said
radiation 1mpinging on said sensor; (11) a pixel electronics
adapted for recerving and processing said electrical signal,
comprising an analog processing umt for amplifying and
shaping said electrical signal and producing a shaped pulse,
said pixel electronics comprising a time determination unit
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for counting the TOT-count, the TOT-count being the number
of clock pulses occurring during the time interval when said
shaped pulse 1s above a threshold. According to the invention,
said pixel electronics comprises a plurality of event counters,
cach event counter counting the number of events having a
TOT-count 1n a predefined ranges.

In one embodiment of the invention, the radiation detector
comprises a switching unit, said switching unit comprising a
set of TOT-count limit values, defining a set of TOT-count
ranges, each TOT-count range being associated with an event
counter, means for detecting when a measured TOT-count 1s
within or below a range, and means for incrementing said
event counter when a measured TOT-count 1s within or below
associated range.

In another embodiment of the invention, the radiation
detector comprises a copy unit, said copy umt comprising
means for recerving a TOT-count value, a set of output ports
copying said TOT-count value, a set of comparing units, each
comparing umt comprising a set of TOT-count limit values,
defining a set of TOT-count ranges, and being associated with
an event counter, and comprising means for detecting when a
measured TOT-count 1s within or below a range, and means
for incrementing an event counter when a measured TOT-
count 1s within or below associated range.

Preferably, said pixel electronics comprises means for
receiving a normalized electrical signal at the mput of said
analog processing unit for calibrating said detector pixel.

More preferably, said pixel electronics comprises means
for recerving a normalized shaped pulse at the output of said
analog processing unit for calibrating said detector pixel.

In a variation of the 1nvention, the radiation detector com-
prises an array ol detector pixels said array comprising col-
umns of detector pixels, a readout unit, and means for trans-
ferring the counts accumulated 1n a column to said readout
unit while counting 1n said column only 1s disabled, each
column being transferred successively.

In another variation of the invention, the radiation detector
comprises an array of detector pixels, means for transferring
said TOT-counts of said detector pixels of said array in a
readout unit, means for grouping pixels having a non-zero
TOT-count value 1n islands; and means for summing the
deposited dose 1n each of the detector pixels of an 1sland for
obtaining the energy of a photon or charged particle of said
radiation producing said 1sland.

In a preferred embodiment of the last variation, the radia-
tion detector comprises a microcontroller adapted for deter-
mimng the dose and/or the dose rate of said impinging radia-
tion. According to this embodiment, a low-flux dosimeter 1s
obtained.

In another preferred embodiment of the last variation, the
radiation detector comprises a microcontroller adapted for
determining the spectrum of said impinging radiation, and/or
for determining the radioisotope or radioisotopes producing
said radiation.

In still another embodiment of the invention, the radiation
detector comprises a first group of detector pixels having a
first sensitive area, and a second group of detector pixels
having a second sensitive area, the {irst sensitive area being,
larger than the second sensitive area, whereby the first group
measure radiation at low dose rates, and the second group

measure radiation at high dose rate.

In the last embodiment, said first group may comprise
pixels having a pixel electrode for collecting said electrical
pulse, a guard electrode being adjacent to said pixel electrode
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4

and connected to a fixed potential, whereby the sensitive
volume of said sensor 1s restricted.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic top view of a radiation detector
according to the invention.

FIG. 2 1s a schematic side view of a cross section of the
radiation detector of FIG. 1.

FIG. 3 1s a schematic side view of another cross section of
the radiation detector of FIG. 1.

FIG. 4 1s a schematic side view of the cross section of a
detector pixel.

FIG. 5 1s a schematic block-diagram of the pixel-electron-
ics of a detector pixel.

FIG. 6 1s a schematic block-diagram of a conversion-unit of
the pixel electronics of a detector pixel.

FIG. 7 1s a schematic block-diagram of a time-determina-
tion-unit 51 of a pixel-electronics of a detector pixel.

FIG. 81s a schematic bloc-diagram of a first embodiment of
an Event Counting Unait of the pixel electronics of a detector
pixel.

FIG. 9 1s a schematic bloc-diagram of a second embodi-
ment of an Event Counting Unit of the pixel electronics of a
detector pixel.

FIG. 10 1s schematic of an example of a distribution of a
threshold setting of the Event Counting Units of a detector
pixel array of a radiation detector to be used 1n dosimetry.

FIG. 11 1s a schematic of another example of a distribution
of two threshold settings of the Event Counting Units of a
detector pixel array to be used 1n dosimetry.

FIG. 12 1s a schematic of an example of a distribution of
two types ol detector pixels on a detector pixel array.

FIG. 13 1s a schematic of another example of a distribution
of two types of detector pixels on the detector pixel array.

FIG. 14 1s a schematic of a special embodiment of a detec-
tor-absorber combination to be used 1n a dosimeter or kVp-
meter with a high upper limit of the measuring range con-
cerning the dose rate and with the ability to perform a dead-
time free measurement of the acceleration voltage of an X-ray
tube.

FIG. 15 1s a schematic of a special embodiment of a detec-
tor to be used 1n a dosimeter or kVp-meter with a high upper
limit of the measuring range concerning the dose rate and
with a high upper limit of the measuring range concerning the

particle energy and with the ability to perform a dead-time
free measurement of the acceleration voltage of an X-ray
tube,

FIG. 16 illustrates a dosimeter using a radiation detector
according to the invention.

FIG. 17 1llustrates another dosimeter using two radiation
detectors according to the mnvention where an absorber 1s
placed above one of the detectors.

FIG. 18 illustrates still another dosimeter using a radiation
detector according to the invention where an absorber is
placed above a part of the detector pixels of the radiation
detector.

DETAILED DESCRIPTION OF THE INVENTION

Mechanical Setup of a Detector

FIG. 1 1s a schematic top view of a radiation detector 1
comprising a detector pixel array 2 formed by a plurality of
individual detector pixels 3. A readout unit 4 1s arranged on a
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side of the detector pixel array 2. Referring to FIGS. 2, 3 and
4, the radiation detector 1 comprises the following compo-
nents:
A sensor 20. The sensor can be made of a semi-conductor
material producing charge carriers when impinged by a
photon. Silicon, Gallium arsenide, Cadmium tellunide,
Cadmium Zinc telluride or Mercury 1odide can be used
as sensor materials. The sensor material can extend over
a plurality of detector pixels 3.
A top electrode 22 extending over the sensor 20. The top
clectrode 1s a thin layer of electrically conducting mate-
rial, made of carbon or copper.
A plurality of pixel electrodes 21. The pixel electrodes
extend only over a single detector pixel. A voltage 1s
applied between the top electrode 22 and the pixel elec-
trodes 23 for collecting the charges produced by a pho-
ton 1impinging on the sensor 20.
A pixel electronics 24, associated with every detector pixel
3, and connected to the corresponding pixel electrode
21. The pixel electronics 24 1s located within the detec-
tor pixel’s footprint
A readout unit 4, arranged on a side of the detector pixel
array 2.
The pixel electronics 24 and the readout unit 4 are realized
as a single application-specific integrated circuit (ASIC) 25.
The sensitive volume of a detector pixel 3 1s formed by the
sensor 20 volume between the surrounding area of the pixel
clectrode 21 and the upper side of the sensor 20.
Pixel Electronics

Referring to FIG. 5 and FIG. 6, the pixel electronics 1s
described. The analog signal coming from the pixel electrode
21, produced by the reaction of a photon or particle in the
sensor 20, in each detector-pixel 3 1s transterred to a conver-
s1ion unit 50 1n the pixel electronics 24. The conversion unit 50
converts the analog signal into a digital signal as explained
hereafter. In the conversion unit 50 first an analog processing,
unit 62 processes the measured signal. For example the signal
1s amplified and pulse shaped by the analog processing unit
62. The output of the analog processing unit 62 1s compared
to an adjustable threshold 1n the discriminator 63 of the con-
version unit 30. The threshold of the discriminator 63 1s set
above the noise level of the output signal of the analog pro-
cessing unit 62. The threshold corresponds to an energy depo-
sition E, 1n the sensor 20 of the detector pixel 3. The thresh-
old 1s set below the maximum expected particle energy. Fach
pixel electronics 24 comprises a correction unit 64, which 1s
able to modily the threshold so that an adjustment of the
threshold of discriminator 63 of different detector pixels 3 can
be performed. The correction unit 64 1s 1n signal connection
with the periphery of the detector pixel array 2. A digital
signal, which 1s given to each detector pixel 3 from outside the
detector pixel array 2 and which 1s stored in the correction
unit 64, produces an electrical signal—e.g. a voltage level—
in the correction unit 64, which modifies the position of the
threshold of the discriminator 63. An adjustment of the
thresholds of different discriminators 63 of different detector
pixels 1s obtained by choosing an mtelligent set of digital
signals which are sent to and stored 1n the correction units 64.
The thresholds can be adjusted using the noise level of the
outputs of the analog processing units 62 or using norms-
signals which are injected via the signal connections 61 or 67.
The duration of the output signal of the discriminator 63 has
a fixed relation to the time during which the strength of the
output signal of the analog processing unit 62 1s higher than
the threshold of the discriminator 63. For example the output
signal of the discriminator 63 1s as long as the iput signal of
the discriminator 63 1s above the threshold. The conversion
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unit 50 1s designed and implemented 1n a way that the time of
the output signal of the analog processing unit 62 being above
the threshold has a fixed relationship to the strength of the
input signal of the conversion unit 50. Theretfore the duration
of the discriminator 63 output signal 1s standing 1n fixed
relationship to the energy deposition E.. . 1n a detector pixel
63.

Norm Signal

Referring to FIG. 6, a norm signal, which has a similar
shape like the particle reaction induced signal in the pixel
clectrode 21, can be injected via the signal connection 61 into
the input of the analog processing unit 62 of each detector
pixel 3 or can be 1injected via the signal connection 67 into the
input of the discriminator 63 of each detector pixel 3. The
norm signal has a known strength. The strength can be for
example the maximum current value or the total charge tlow-
ing after the reaction of a particle 1n the sensor 20 of the
detector unit 3 via the signal connection 23 1nto the analog
processing unit 62 11 signal connection 61 i1s used or the
corresponding values after analog processing in the analog
processing unit 62 of the signal 1n the pixel electrode 24 after
particle reaction 11 signal connection 67 1s used. Ideally the
norm signals are identical for all detector pixels 3.

Time Determination Unait

Each detector pixel 3 has a time determination unit 51 1n 1ts
pixel electronics 24. Each time determination unit 51 1s sup-
plied with a clock signal via a signal connection 35. For
example a clock frequency of 100 MHz 1s used. For example
the clock pulses are injected 1nto the detector pixel array 2 at
the top of each column of the detector pixel array 2 and the
clock pulses are transierred from one detector pixel 3 to the
next detector pixel 3 1in the column. In order to obtain a high
energy resolution, a high clock frequency may be used or the
duration of the discriminator 63 output signal has to be long.
The drawback of a long output signal length of the discrimi-
nator 63 1s that the maximum processable count rate 1s
reduced. If a high clock frequency 1s used, preferably the
detector has a low number of rows 1n order to avoid smearing
of the clock pulse edges during their transfer through the
columns.

The time determination unit 51 has a counter, which we call
time counter 70. The time counter 70 starts counting clock
pulses after the output signal of the discriminator 63 appears
at the input of the time counter 70. The time counter 70 stops
counting clock pulses after the output signal of the discrimi-
nator 63 disappears at the input of the time counter 70.

Therefore the number of clock pulses, which are counted
by the time counter 70 after the reaction of a particle 1n the
sensor 20, has a fixed relationship to the strength of the input
signal of the pixel electronics 24 and therefore has a fixed
relationship to the energy deposited in the sensitive volume of
the detector pixel 3. If the whole kinetic energy of the particle
1s deposited 1n one detector pixel 3 the number of counted
clock pulses 1n the detector pixel 3 corresponds to the kinetic
energy of the particle.

The number of counted clock pulses which are counted by
the time counter 70 shall be denoted as T, _ . The output
signal of the time counter 70 1s digital and corresponds to

TE vert: ‘ ‘
Event Counting Unit

An inventive step 1s to perform a “digital discrimination™
with the time over threshold measured 1n each pixel electron-
ics 24 alter each reaction of a particle in the sensor 20. All
detector pixel arrays of the prior art which are known to the
inventors are deriving the energy deposition spectrum by
comparing the analog measuring signal with different thresh-
olds 1n different discriminators. The purpose of the “digital
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discrimination” 1s to assign the energy deposition in the
detector pixel 3, measuredas T, _ ., toan energy interval and
to count the number of events with energy deposition 1n the
intervals during a measuring phase simultaneously.

A conversion of the analog processed measuring signal
alter the analog processing umt 62 into a digital time signal
measured with the time counter 70 with subsequent compari-
son of the signal output of the time counter 70 with digital
thresholds with subsequent counting of events in the event
counting unit 32 will have several advantages for dosimetry.
One advantage 1s the flexibility in the energy interval setting
because the thresholds are sent to and stored in the event
counting unmt 32. The programming of the thresholds 1n a
digital manner 1s a very tlexible way of setting thresholds.
This 1s an important advantage 1n a detector pixel array 2 with
a large number of detector pixels 3 and in the case of the
necessity of a lot of energy intervals. Another advantage 1s the
reduced power consumption of the detector pixel array 2 due
to the fact that only one analog processing unit 62 and one
discriminator 63 1s present 1in each detector pixel 3.

The number of clock pulses counted by the time counter
70, denoted as T, _, ., can be processed in difterent ways 1n
the pixel electronics 24.

For example one unit of the pixel electronics 24—the so
called switching unit 80—decides to which energy interval an
event 1s assigned. The digital signals, containing the informa-
tion about all the digital thresholds, are sent to the switching
unit 80 1n a digital way before the measurement. This 1nfor-
mation 1s stored in the switching unit 80.

First this working principle using the switching unit 80 1s
described.

The number of clock pulses counted in the time counter 70
1s compared 1n the switching unit 80, which 1s 1n signal
connection to the output of the time counter 70, with at least
two different full numbers T, (1=1, 2, 3, , 1 3. For
example, 1n detector pixel 3 with number m a comparison
with 16 numbers T, 1s performed. Each number T, corre-
sponds to a energy deposition E™, 1n the sensor 20 of the
detector pixel 3. The numbers T™, are transferred to the
switching unit 80 before the measurement and are stored 1n
the switching unit 80. We assume 17 <I™ _, for all 1<1<
(1, .—1). Additionally we assume: E™ <E™, , for all 1<a<
(1, .—1). The number T™, are the digital thresholds.

A measuring time consists ol measuring phases which are
separated by readout phases of the detector pixel array 2. In
the switching unit 80 1n a working principle 1 the interval
[T%,, T",,, [containing the digital signal Tg,,,, which
appears at the output of the time counter 70, can be deter-
mined through a comparison between the digital signal T, _, .
and all T™,. Onej tulfils T <=Tg ., <1, . So the switching
unit 80 determines, in which energy interval the energy depo-
sition E .. . of the processed event 1n the detector pixel 3 1s
found: E” <=E,,  <E" ;.

The switching unit 80 1s connected to counters, which shall
be named event counters 82, 1n each detector pixel 3.

In working principle 1 the switching unit 80 sends a signal
to the event counter 827. Event counter 827 1s then incre-
mented by 1. Therefore event counter 82/ counts an energy
deposition Eg, ., with E, ,>E.,  >E>E, 1 the detector
pixel 3. At the end of the measuring phase the counting of
events 1n the event counters 82 1s stopped. At the end of the
measuring phase the number of counts N, i the event
counter 82i of the detector pixel 3 m 1s the number of particles
which deposited an energy between E™, and E™, ; 1n the
detector pixel 82m for all 1. The 1-series of counter values N™,

in detector pixel 3 m then 1s a sampled version of the energy
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deposition spectrum (Np;,osi0p0siion) « 01 the 1mpinging
radiation 1n detector pixel 3 m.

The pixel electronics 24 of the detector pixels 3 can also
work 1n a working principle 2 in which for each digital signal
T, ... appearing at the output of the time counter 70 the
maximum number j 1s determined for which T <1, 1s
true.

In working principle 2 the switching unit 80 sends signals
to all event counters 82 i with 1<<=j. All event counters 82 i
with 1<=j are incremented by 1. The event 1s thus counted in
several event counters 82. In working principle 2, the number
of counts N of an event counter 1 of the detector pixel 3 m 1s
the number of particles, which deposited an energy bigger
than E™, 1n the detector pixel 3. The sampling of the energy
deposition spectrum (N p;, o170 0sisi0n) ¢ @S @ S€H1ES IN11n detec-
tor pixel 3 m 1s dertved by subtracting the numbers of counts
of subsequent counters: (Np,, crzeposizion) i N =N 141-

Now we describe the working principle using the copy unit
90 and the comparing units 91 in the event counting unit 52.

The decision, 1n which energy deposition interval the
energy deposition E,. _  lies, 1s made separately in several
comparing units 91 in the event counting unit 52 of the detec-
tor pixel 3. To do this, the output signal of the time counter 70
1s copied 1n the copy unit 90 to several outputs of the copy unit
90. The copy unit 90 sends the copy of the signals simulta-
neously to several comparing units 91 1n the event counting
unit 32. The signal containing the information about the digi-
tal thresholds 1s sent to and stored 1n the comparing units 91
betfore the beginning of the measuring phase.

The copy unit 90 has a signal connectionto 1, _comparing
units 91. The number of counted clock pulses 1n the time
counter 70 1s compared 1n each comparing unit 91; of each
detector pixel 3 m with a full number T, 1=1, 2,3,...1__ ).
For example 16 comparing units 91 are present in each pixel
electronics 24. The numbers T™, are the digital energy thresh-
olds and define energy deposition intervals. The number T,
are sent to and stored 1n the comparing units 91 in a digital
way before the beginning of the measuring phase. We assume
17 <1"._ , ftor all 1<=1<=(__ -1). Furthermore it 1s:
E"” E‘"”""I+l forall 1<a<(1,_-1)where E™, 1s the energy depo-
smon corresponding to T™,. Each comparing unit 91; of
detector pixel 3 m performs a comparison and decides if
1" <T.,_ . 1s true for an event with an energy deposition
bigger than E, . If this1s true, the event counter 82; connected
to the comparing unit 91: 1s incremented by 1. There 1s one
event counter 82 1n signal connection to each comparing unit
91. Therefore the impinging particle 1s counted in all event
counters 82 whose comparing units 91 decide that T <T,. _ .
1s true. At the end of the measuring phase the counting of
events 1n the event counters 82 is stopped. The number of
counts N, of an event counter 82i of the detector pixel 3 m 1s
then the number of particles whose energy deposition in
detector pixel 3 m 1s bigger than E™,. The sampling of the
energy deposition spectrum (N, depﬂmﬂﬂ)’” as a series 1n 1
in detector pixel 3 m 1s derived by subtracting the numbers of
counts of subsequent counters:

m o Apm AN
(NPixefﬂfepasfﬁan) i i i+1

It1s also possible to perform comparisons 1n the comparing
units 91 of T,.... with two full numbers T™ " (i=1, 2,
3, . ) and T™™&" (i=1, 2, 3, R T ) If
™, ZE’""’< TEvemf —Ti”figh 15 true, the event counter 82 con-
nected to the comparing unit 91 ; 1s incremented by 1. It 1s
then possible to count events in energy intervals.

The described principles of digital discrimination and
counting allow the counting of particles with energy deposi-
tions 1n several energy deposition intervals simultaneously.
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For all principles, the time counter 70 1s set to zero after the
comparisons of T, . with the digital thresholds have been
performed and the event has eventually been counted. The
time counter 70 1s then ready to determine T, _, , of the next
reacting particle in the sensor 20.

FIG. 10 schematically shows a distribution of digital
energy thresholds on the detector pixel array 2, where the set
of digital energy thresholds i1s denoted as M, (110):
M,={Tli=1,...,i___}. M1 is identical for all detector pixels
3. In X-ray imaging i, =8 and M,={10 keV,30 keV,50 keV,
70keV,90keV,110keV,130keV,150 keV } is for example one
possible choice.

In dosimetry 1t 1s possible to use different digital energy
thresholds T™, 1n different detector pixels 3 m. It 1s an 1nven-
tive step to realize that the dose measurement 1s more exact if
several sets of digital thresholds are used 1n the detector pixel
array 2. FIG. 11 schematically shows the distribution of two
sets M2 (120) and M3 (121) of digital thresholds 1n the
detector pixel array 2. The thresholds of one set are chosen to
be between the thresholds of the other set. For a given width
of the whole energy deposition range and for a given number
1 of thresholds, a higher precision of the determined dose
can be obtained, because the sampling of the energy deposi-
tion spectrum with the thresholds of the whole detector pixel
array 2 1s finer. One possible example for the number of
thresholds and the threshold sets to be used 1n dosimetry in
radiological diagnostic applications is: i, =8 and M,={10
keV,30 keV,50 keV,70 keV,90 keV, 110 keV,130 keV,150
keV} and M;={20 keV,40 keV,60 keV,80 keV,100 keV,120
keV,140 keV,160 keV }.

By using the pixel design of the present invention, one
obtains a versatile detector array that can perform the digital
discrimination 1nto a plurality of energy bins in each of the
pixel individually, with threshold sets defined for each pixel.
Readout Unit

The transfer of the data measured 1n the time counters 70 or
in the event counters 82 can be done in several operating
principles. A common feature of all operating principles 1s
that the counters values of the time counters 70 or the event
counters 82 are set to zero 1f the counter values are completely
transierred into the readout unit 4.

For example the counting of events in the whole detector
pixel array 2 1s stopped at the appearance of a signal from the
periphery of the detector pixel array 2. During the following
transfer of the counter values to the readout unit 4 the count-
ing of events 1n the detector pixel array 2 1s suppressed. Then
the transfer of the counter values from the detector pixels 3
into the readout unit 4 1s carried out. For example the time
counters 70 or event counters 82 can act as shift registers
during this counter value transfer. All counter values in one
row can be shifted bit by bit simultaneously 1nto the readout
unit 4. The readout unit 4 recerves the counter values row by
row. Drawback of this working principle 1s that the detector
pixel array 2 1s not able to count events 1n the event counters
82 or time counters 70 while shifting the counter values to the
readout unit 4. A dead time of the detector 1 arises.

It 1s possible to avoid the dead time by having 2*1___ event
counters 82 or two time counters 70 1n the pixel electronics 24
of each detector pixel 3. The two sets of counters are 1dentical
with respect to their thresholds. One set 15 active and able to
count particles while the counter values of the other set 1s
transferred into the readout unit 4. A drawback of this solution
1s the increased design complexity and increased power con-
sumption of the detector 1.

Another possibility to avoid dead time of the whole detec-
tor 1s to suppress the counting of particles i one group (112)
of detector pixels (134) while the counter values of their event
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counters 82 are transierred to the readout unit 4. During this
transter the event counters 82 of another group (113 ) of detec-
tor pixels 3 are counting events. The event counters 82 of the
group (113) stop the counting of particles at the moment the
transfer of the counter values of the event counters 82 of
group (112) 1s finished. The event counters 82 of the group
(112) then start being active for counting events. The counter
values 1n the event counters 82 of the group (113) are then
transierred mnto the readout unit4. The groups (112) and (113 )
alone are not working without dead time, but their combina-
tion 1s dead time free. The whole detector pixel array 2 1s
always able to count events.

Another readout principle 1s that at every moment only one
column (122) of the detector pixel array 2 1s 1n its transier
phase of 1ts counter values. The event counters 82 or the time
counters 70 of this column (122) are not counting or register-
ing events during the transfer phase of the column (122). All
the other columns of the detector pixel array 2 are able to
count and register events during the transier phase of column
(122). After the transfer of the counter values of column (122)
1s finished, the counters of column (122) are active and able to
count. Then the counting and registration of events 1n the
counters ol another column (123) 1s suppressed and the
counter values of column (123) are transferred into the read
out unit 4. In this way all columns are read out successively.
This readout scheme 1s preferred for the use 1n a dosemeter.
Thereason 1s, that 1n every moment a part of the detector pixel
array 2 1s able to register events. Therefore 1t 1s possible to
measure even very short radiation exposures which occur for
example 1 X-ray applications. The dosemeter 1s then dead
time free.

The readout umt 4 1s also supplying the detector pixel
clectronics 24 with necessary electrical currents or voltages,
reference signals for the thresholds in the discriminators 63,
the clock signals for the time counters 70 and signals for the
transier of counter values. The readout unit 4 also sends the
signals containing the information about the digital thresh-
olds to the switching unit 80 or the comparing units 91.
Activity Signal (FIGS. 14,16, 17, 18) for Dosimetry

The readout frequency of the detector pixel array 2 has an
impact on the power consumption of the detector 1. A low
readout frequency leads to low power consumption, but in
case of high doserates the counting range of the event
counters 82 may be not suilicient to count all events between
two readout phases. If the readout frequency 1s too low, the
measuring range concerning the doserate would thus be lim-
ited.

An mventive step 1s to make the readout frequency depend-
ing on the actual event rate and thus dose rate.

To do this, the counters of the detector pixels 3 are read out
with a mmmimum frequency. For example a read out can be
performed every second. Most of the time there are only a few
events per second expected 1f the detector 1 1s used 1n an
active personal dosemeter. There 1s at least one detector pixel
3, which shall be called activity detector pixel (151), in the
detector pixel array 2, which produces a signal, called activity
signal, which depends on the rate of counted events and
therefore depends on the dose rate.

It 1s possible to get such an activity signal from one event
counter 1n one special detector pixel (151) which 1s different
from the other event counters. This special event counter can
be realized as a self clearing counter. The activity signal
appears at one output of the detector pixel (151) 1f the dose
rate exceeds a pre defined value. The activity signal reaches
the readout unit 4. Upon appearance of the activity signal, a
read out phase of the detector pixel array 2 1s triggered and the
readout frequency 1s increased for a certain time.
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It 1s also possible to create a signal, monmitoring the activity,
by a measurement of the current flowing through the com-
plete sensor 20. The current flowing through the sensor 20 1s
depending on the doserate. The current flowing through the
sensor can be measured 1n a special electronic unit of the
dosemeter. I the current exceeds a pre defined value, a read-
out of the detector 1 1s triggered and the readout frequency 1s
increased for a certain time.

A microcontroller (186) 1s responsible for controlling all
the electrical parts of the dosemeter, the analysis and storage
of the counter values transterred to 1t from the readout unait 4,
the calculation of the dose values and the display of the
measured values 1n the display (180). The microcontroller
(186) 1s also contributing significantly to the power consump-
tion of the electronics in the dosemeter. To reduce the power
consumption, the microcontroller 1s 1n a power-saving mode
between the readout phases of the detector 1. The microcon-
troller (186) switches to an operating mode at the appearance
of the activity signal or at the times of the normal low fre-
quency readout. The microcontroller (186) triggers the read-
out of the counters ofthe detector 1, receives the data from the
readout unit 4, performs data analysis, updates the display
and eventually modifies the readout frequency.

Time Counter Readout and Isotope Identification

It 1s possible to realize the detector pixel array 2 in such a
way, that optionally the event counters 82 or the time counter
70 are read out. The readout principles of the time counters 70
are similar to the readout principles of the event counters 82
described above.

The readout of the time counter 70 can be used at low dose
rates 1n a dosemeter or 1 an apparatus to determine the
composition of radiation emitting substances.

After the time counter values of all detector pixels 3
acquired during a measuring phase have been transferred to
the microcontroller 186, the microcontroller 186 analyses the
so called time 1mage. The time 1mage 1s the mapping of the
column number and row number of detector pixels 3 to their
values 1n the time counters 70. We assume a low dose rate so
that the number of detector pixels 3 showing non-zero counter
values 1n one time 1mage 1s low.

At low dose rates the number of detector pixels 3, whose
time counters 70 show non zero values, 1n the time 1mage 1s
low. The microcontroller carries out an algorithm which
searches for groups of neighbouring detector pixels 3 show-
ing non-zero counter values 1n the time 1image. These groups
shall be named hit-groups. The length of the measuring phase
has to be chosen that short so that different hit-groups 1n the
time 1mage have no common detector pixels 3. Thus the
hit-groups are separated.

In pixelated detectors processes like extended path lengths
of secondary Compton electrons produced in the sensor 20 or
diffusion of charge carriers 1n the sensor 20 lead to a distri-
bution of charge carriers between neighbouring detector pix-
¢ls 3. To determine a more correct energy deposition value,
the energy deposition of neighbouring pixels which 1s depos-
ited by one impinging particle has to be added 1n the micro-
controller (86) after readout of the detector 1.

The counter values of the time counters 70 of the detector
pixels 3 are therefore added for each hit-group separately.

The microcontroller has access to a look-up table or a
formula for each detector pixel 3. This look-up table or for-
mula creates a relationship between the number of clock
pulses counted in the time counter 70 of each detector pixel 3
to the corresponding energy deposition. This relation shall be
denoted E“?#°S=f 2 (T zyens) tor detector pixel 3 in column m
and row n. For each detector pixel 3 1, , 1s known through a
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calibration procedure using radiation with known energy,
using a simulation tool or using the above mentioned norm
signals.

The calculation of the energy deposition E“?° using t,.
(T ... may be necessary to correct for variations in the
energetic positions in the thresholds of the discriminators 63
or variations in the amplitying or pulse shaping characteris-
tics of the analog processing units 62.

The total energy deposition E 1n the sensor volume of a hit
group consisting ol z detector pixels 3, where the detector
pixels 3 of the hit group are characterized by their column m,
and row n, (1=1, z), 1s then:

Z
E = Z fmi 2 (TEreignis,mi,nj ),
i=1

where the time counter 70 of detector pixel 3 in columnm, and
row n, has counted I, .. ... clock pulses.

The energy resolving prfjﬁerties of the detector 1 and the
quality of determined energy deposition spectra can be
improved using this look-up table or formula 1.

With this method and embodiment of the detector 1 the
energy deposition of each detected particle can be deter-
mined. The microcontroller (186) then acquires a histogram
of the number of events 1n certain energy deposition intervals.
The statistics of this histogram 1s improved by adding up the
histogram entries of different measuring phases during the
measuring time. This energy deposition spectrum can be used
to determine dose values using methods described in DE
102006006411.9. Due to the fact that the impact of charge
carrier distributing effects 1n the sensor 20 are minimized by
adding up the energy deposition in hit-groups, the systematic
error ol the measured dose value 1s reduced. This advantage
can be important at low dose rates where the summing 1n
hit-groups works.

The aim of the 1sotope 1dentification 1s to determine the
nuclides emitting the radiation which 1s measured. The 1so-
topes to be determined emit characteristic radiation. This
radiation may consist of fluorescence photons with charac-
teristic energy, decay photons with characteristic energy,
alpha particles with characteristic energy or electrons with
characteristic maximum energy from nuclear decays. A com-
parison of the measured energy deposition spectra, measured
can be compared in the microcontroller or 1n an connected
computer with energy deposition spectra simulated with a
model or obtained 1n measurements with known radiation
fields. The energy deposition spectra simulated with a model
or obtaimned in measurements with known radiation fields
shall be called calibration spectra. A deconvolution of the
measured energy deposition spectra into a linear combination
of calibration spectra can be performed. This deconvolution
method can use a pseudoinverse Matrix or the maximum
likelihood method or the an iterative subtracting method.

Instead of performing a deconvolution 1t 1s possible to
identily local maxima in the measured energy deposition
spectrum and to compare the energetic locations of the local
maxima 1n a look-up table with the characteristic emission
lines of 1sotopes.

Sensitive Areas of the Detector Pixels (FIGS. 12-13)

At high dose rates the count rate of a single detector pixel
3 may be high. For example the count rate of a quadratic area
detector pixel 3 with 220 um side length and a sensor 20
consisting of a silicon layer with 1000 um thickness 1s higher
than 100 kHz for low photon energies at 1 Sv/h. Such a high

count rate could exceed the capacity of the counters 82. To
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extend the measuring range 1n dose rate, the detector pixel
array 2 can be built of detector pixels 3 with different sensitive
areas. The number of counts in the event counters 82 in the
large sensitive area detector pixels 3 can be used to determine
the dose at low dose rates. The number of counts 1n the event
counters 82 in the small sensitive area detector pixels 3 can be
used to determine the dose at high dose rates. A typical
combination of sensitive areas of detector pixels 3 to be used
in a dosimeter 1s: 220 umx220 pm and 55 umx35 um. FI1G. 12
shows a first possibility to realize different sensitive detector
pixel areas 1n the detector pixel array 2. One realizes different
types of detector pixels 3 with different sensitive areas by
having a first group 131 of detector pixels 3 in the detector
pixel array 2 whose detector pixels 3 have a certain distance
between their pixel electrodes 21 and a certain area of their
pixel electrodes 21 and a second group 132 of detector pixels
3 in the detector pixel array 2 whose detector pixels 3 have
another distance between their pixel electrodes 21 and
another area of their pixel electrodes 21. FIG. 13 shows
another possibility to realize different sensitive detector pixel
areas 1n the detector pixel array 2. This 1s done by constricting
the sensitive sensor volume of several detector pixels 140 1n a
first group 141 of detector pixels by using a guard ring on the
bottom of the sensor 20 1n these constricted detector pixels
140. This guard ring 1s connected to a defined electrical poten-
tial by a dedicated electrical connection through the pixel
clectronics so that the electrical drift field 1n the sensor 20 of
these constricted detector pixels 140 1s limited compared to
the normal detector pixels 3. The dimensions of the guard ring,
are adapted to the necessary sensitive area of the detector
pixels 140. In a second group 142 of detector pixels 3, the
pixels have a non-constricted sensor volume, and are adapted
for measuring the lower dose rates.

Usage 1n a Dosemeter and kVp-Meter (FIGS. 14-18)

In a special embodiment of this invention the detector 1 can
be used 1n one single apparatus to measure both, the dose and
the acceleration voltage of an X-ray tube as a function of time.

To measure the tube voltage as a function of time, only the
data delivered from a small number of detector pixels 3 is
needed due to the fact that the flux of photons 1s high during
an X-ray shot. A small sensitive area 1s suilicient to obtain the
needed statistical significance in the determination of the
maximum photon energy. In order to get the needed time
resolution of about 1 msec, only the event counters 82 of a
subset of the detector pixels 3 1n the detector pixel array 3 1s
read out.

For example only a small number of columns 1s read out.
For example the columns (155) and (156) are read out 1n an
alternating way to get a continuous measurement of the
energy deposition spectrum. The maximum energy deposi-
tion found in the energy deposition spectrum corresponds to
the voltage of the X-ray tube.

The detector pixels 3 of column (155) are activated for the
detection of events. As described above the energy deposition
spectrum 1s measured using the digital discrimination method
in the event counters 82 of the detector pixels 3 in column
(155). The counting of events in the event counters 82 of
column (155) 1s stopped at the end of the measuring phase.
The numbers of counts 1n the event counters 82 of column
(155) are transferred to the readout umt 4. The numbers of

counts are then transierred to the microcontroller (186).

The microcontroller (186) determines the maximum
energy 1n the energy deposition spectrum: 1t determines the
highest energy interval showing a non-zero number of counts.
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It 1s then possible to adapt the digital thresholds associated
with the event counters 82 of column (1535) 1n order to obtain
a finer sampling and higher accuracy of the determined maxi-
mum energy.

During the transfer of the counter values of the event
counters 82 of column (155) to the readout unit 4 and to the
microcontroller (186) the detector pixels 3 of column (156)
are active and count the number of events 1n energy deposi-
tion intervals defined by the digital thresholds of its event
counting umts 32. The counting of events 1n the event
counters 82 of column (156) 1s suppressed during readout of
column (156). At the same time the event counters 82 1n
column (155) start counting again. The data from column
(156) are readout like the data of column (155) before and
they are analyzed by the microcontroller (186).

I1 the detector pixels (140) with smaller sensitive area are
used 1 columns (155) and (156) a sampling of the energy
deposition spectrum at even higher fluxes can be obtained.

It 1s also possible to place absorbers 1n front of the columns
(155) and (156) 1n order to reduce the flux. The maximum
energy deposition and thus the determined value of the tube

voltage are not atlected by this.
It 1s also possible to use four columns (160) (161) (162)

(163), where 1n front of the columns (160) and (161) one
absorber (163) 1s placed and where 1n front of the columns
(162) and (163 ) another absorber (166) 1s placed. The absorb-
ers (165) and (166) differ in their material composition or 1n
their thickness. Each absorber modifies the transmitting spec-
trum 1n a characteristic way. It 1s then possible to compare the
energy deposition spectra measured 1n the event counters 82
in column (160) and (161) with the energy deposition spectra
measured 1n the event counters 82 1 column (162) and (163).
So the measuring range concerning the maximum particle
energy can be extended to higher particle energies.

The columns (160) and (161) are counting the number of
events 1n an alternating way. The columns (162) and (163) are
counting the number of events in an alternating way. The
event counters 82 1n column (160) are counting when the
event counters 82 1 column (162) are counting. The event
counters 82 1n column (161) are counting when the event
counters 82 in column (163) are counting. In each moment,
the event counters 82 1n two columns are counting. In each
moment, the event counters 82 in two columns are transierred
to the readout unit 4 or the microcontroller (186). Thus, a dead
time free measurement 1s obtained.

Temperature Monitor (FIG. 14)

Changes 1n the environmental temperature or intense elec-
trical activity in the detector 1 modily the temperature 1n the
detector pixel array 2. This results 1n changes of the thresh-
olds of the discriminators 63, changes 1n the correction volt-
ages 1n the correction units (64 ) or in changes of the properties
of the analog processing units 62. In order to correct the
display of the measured dose values 1n the microcontroller
(186), 1t 1s reasonable to measure a temperature dependent
signal.

It 1s reasonable to use a temperature sensor 1n the detector
pixel array 2, due to the fact that the temperature in the
detector pixel array 2 i1s the relevant temperature to be cor-
rected for.

The signal to be used for temperature monitoring can be a
characteristic current or voltage taken from the analog pro-
cessing unit 62 or the discriminator 63 in at least one detector
pixel (152). Belore the measurement the dependency of the
uncorrected determined dose values onto the strength of this
temperature signal 1s measured and stored 1n the microcon-
troller (186). The microcontroller (186) modifies the dis-

played dose values according to this dependency.
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It 1s also possible to supply at least one detector pixel (153 )
constantly with norm signals via the signal connection (61) or
(67). The numbers of counts 1n the counters in this detector
pixel (153) are the temperature signal. Before the measure-
ment the dependency of the determined dose values onto the
strength of this temperature signal 1s measured. The micro-
controller (186) analyzes the data 1n the event counters 82 or
time counters 70 of detector pixel (153) and determines nec-
essary corrections to the displayed dose values. If the event
counters 82 are used, a fine spacing of the digital thresholds
around the expected value of the time counter value for the
norm pulse 1s given to the event counting unit 52. Before the

measurement the dependency of the uncorrected determined
dose values on the counter values of detector pixel (153) 1s
measured and stored 1n the microcontroller (186)
Methods of Determining the Dose or the Energy Spectrum of
Incident Radiation

The energy deposition spectrum N1 measured with the
whole detector pixel array 2 1s calculated by summing the
number of events counted i1n the above described energy
intervals of all mmax detector pixels 3 having the same
energy intervals given to their event counting units 52:

Mnax

m
N; = Z (NP.EIEMEPDSEIEGHJE

m=1

Here we assume that E” =E”*"'_ for all i and all detector

pixels 3 m whose (Np,, o1zeposiziony : CONtribute to these sums.

Therefore we define E :=E™. for all 1 and all m.

N. as a series 1n 1 1s the total measured energy deposition
spectrum 1n a discrete form. N, 1s the number of counted
events with energy deposition 1n the interval [EE,_,].

The energy deposition spectrum of monoenergetic irradia-
tion ot the energy E. ™" shall be labeled as M,,. M, 1s a series
in 1. The energy deposition spectrum M, 1s normalized
through a division by the number of particles used 1n the
simulation or the measurement under monoenergetic irradia-
tion. The mndex 1 describes the position 1n the energy deposi-
tion spectrum. The index j 1s an index of the primary energy
E ™. M, 1s the probability that an incident particle of
energy E,"°" leads to a count of an event in the energy
deposition interval [E;E. ,]. If there are 1_ . intervals of the
energy deposition, there should be at minimum the same
number of diflerent energy deposition spectra be measured or
simulated, whereas preferably for each interval there i1s at
minimum one primary energy E " lying in the interval.
There are j,, . deposition spectra measured or simulated. If
1_ =1, the primary energy E.”“”° can be chosen as (E ., +
E.)/2 forall1. E*°"° can also be chosen as the weighted mean
value of the expected energy distribution of the incident radia-
tion 1n the interval [E;E. ;] with the detection efficiency in
this interval. The measured energy deposition spectrum N, of
the radiation whose properties are to be determined with the

apparatus can be written as:

The series N 1S an apprommatlon ofthe energy spectrum of
the incident partlcle energies. This means that N 1s the num-

ber of particles that impinged with an energy close toE,
onto the sensor. The detection efficiency i1s already 1nc1uded
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in M,; through the determination of M,; and therefore N 1S
already corrected for eventually 1nc0mplete detection efﬁ-
ciency. N, as a series in1and N, as a series 1n j can be seen as

components of a vector N and N respectively and the M, are

seen as components of a matrix M. It can be written: N=M-N .

The vector N is the energy spectrum of the incident radiation
in 1ts discrete form and can be calculated through a matrix
inversion or through estimation methods like the Maximum-
Likelithood Method. So the energy spectrum of the imncident
radiation 1s determined. The influences of charge sharing
cifect on the determined energy spectrum 1s corrected with
the use of this reconstruction algorithm.

Another method to reconstruct the incident energy spec-
trum 1s to multiply first the number of counts in the highest bin
1 of the deposition spectrum with the normalized response

N B

function of the corresponding energy E,

ene. The response
function of an energy in the bin j contributes to the energy
spectrum to be determined with the number of counts 1n binj.
The value of the multiplied response tfunction of E" 1n a
bin 1 1s then subtracted from the number of counts 1n bin 1.
This subtraction 1s carried out for all 1<j. Thus, after the
subtraction, the counts 1n bin (1—1) coming from particles of
an energy ol higher bins are eliminated. The response func-
tion onto the energy of the bin (3—1) contributes then with the
result of the subtraction in this bin (3—1). The response func-
tion on the energy of bin (3—1) 1s then multiplied with the
result of this subtraction. The value of this multiplied
response function 1s subtracted from the already corrected
counts 1n all bins 1<(3—1) resulting 1n the contribution of the
energy E,_,""°. This procedure 1s carried out successively
again and again. In each step of this process, the remaining
number of counts 1n the bins decreases. In the end, the con-
tributions of all response functions to the measured energy
deposition spectrum and therefore the energy spectrum 1is
determined.

The dose D, deposited 1n a material like for example air or
tissue, can be calculated from the determined spectrum Nj of
the incident particle energies it factors K are determined prior
by measurements or simulations. The factors can be deter-
mined using the energies E ™" in simulations or measure-
ments. The dose 1s the sum of the dose contributions of the

energy intervals 1n the calculated energy spectrum:

DZKN

Dose rate values can be determined through a division by
the measuring time, which has to be determined by the
dosemeter.

It also possible to directly determine dose values without
prior determination of the deposition spectrum. In this
method, the number of counts 1n each bin of the deposition
spectrum N, 1s multiplied by a factor L,. The factors L, are
determined prior to the measurement through simulations or

calibration measurements. The dose to be displayed is calcu-
lated by

DZLN

This method gives an estimation of the dose value.
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The L, are determined by the following procedure. The
dosemeter 1s irradiated 1n a stmulation model or 1n a measure-
ment to several spectra (calibration radiation) with known
doses D,. The number of counts N; of the detector 1 1n energy

intervals 11s measured for each spectrum 1. The coupled-setof 5

equations

Limax

Dj=) Li-N;
=1

can be written 1n matrix notation

D=N-L.

The best estimation for the L. 1s obtained applying a
pseudo-inverse Matrix onto the measured or simulated doses
of the calibration radiation:

L=[(N'Ny""-N']-D

The information 1n the deposition spectrum, for example
the maximum particle energy, can be used to determine some
tactors L, being more exact from the L. The dose would then

be
.fmax _
D= ) L;-N;
=1

The mvention claimed 1s:

1. A radiation detector for measuring one or more charac-
teristics of a radiation, comprising an array of detector pixels,
a clock pulse generator, the array of detector pixels compris-
ing at least a first detector pixel and a second detector pixel,
the first detector pixel and the second detector pixel sepa-
rately comprising:

a sensor producing an electrical signal i response to an
event of a photon or charged particle of said radiation
impinging on said sensor;

pixel electronics configured to receirve and process said
clectrical signal, the pixel electronics comprising:
an analog processing unit for amplifying and shaping

said electrical signal and producing a shaped pulse,
a time determination unit for counting a TOT-count, the
TOT-count being the number of clock pulses occur-
ring during the time interval when said shaped pulse is
above a threshold, and
a plurality of event counters, individual ones of the plu-
rality of the event counters configured to count a num-
ber of events having a TOT-count 1n different pre-
defined ranges, the predefined ranges being defined
by digital energy thresholds;
wherein the predefined ranges of the individual event
counters of the first detector pixel differ at least 1n part from
the predefined ranges of the individual event counters of the
second detector pixel;
wherein the radiation detector further comprises a copy umnit,
said copy unit comprising means for recerving a TOT-count
value, a set of output ports copying said TOT-count value, a
set of comparing units, each comparing unit comprising a set
of TOT-count limit values, defining a set of TOT-count
ranges, and being associated with an event counter, and com-
prising means for detecting when a measured TOT-count 1s
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within or above a range, and means for incrementing an event
counter when a measured TOT-count 1s within or above said
associated range.

2. The radiation detector according to claim 1, wherein the
pixel electronics comprises means for recerving a normalized
clectrical signal at the input of said analog processing unit for
calibrating said detector pixel.

3. The radiation detector according to claim 1, wherein the
pixel electronics comprises means for recerving a normalized
shaped pulse at the output of said analog processing unit for
calibrating said detector pixel.

4. The radiation detector according to claim 1, wherein the
array comprises columns of detector pixels, a readout unit,
and means for transierring the counts accumulated 1n a col-
umn to said readout umit while counting 1n said column only
1s disabled, each column being transierred successively.

5. The radiation detector according to claim 1, wherein the
radiation detector further comprises means for transierring
said TOT-counts of said detector pixels of said array in a
readout unit, means for grouping pixels having a non-zero
TOT-count value in 1slands; and means for summing the
deposited dose 1n each of the detector pixels of an 1sland for
obtaining the energy of a photon or charged particle of said
radiation producing said 1sland.

6. The radiation detector according to claim 5, wherein the
radiation detector further comprises a microcontroller con-
figured to determine the dose and/or the dose rate of said
impinging radiation.

7. The radiation detector according to claim 5, wherein the
radiation detector further comprises a microcontroller con-
figured to determine the spectrum of said impinging radia-
tion, and/or to determine the radioisotope or radioisotopes
producing said radiation.

8. The radiation detector according to claim 1, wherein the
radiation detector comprises a {irst group of detector pixels
having a first sensitive area, and a second group of detector
pixels having a second sensitive area, the first sensitive area
being larger than the second sensitive area, whereby the first
group measure radiation at low dose rates, and the second
group measure radiation at high dose rates.

9. The radiation detector according to claim 8, wherein the
first group comprises pixels having a pixel electrode for col-
lecting said electrical pulse, a guard electrode being adjacent
to said pixel electrode and connected to a fixed potential,
whereby the sensitive volume of said sensor 1s restricted.

10. The radiation detector according to claim 1, wherein
the radiation detector further comprises a switching unit, said
switching umit comprising a set of TOT-count limit values,
defining a set of TOT-count ranges, each TOT-count range
being associated with an event counter, a detecting device
configured to detect when a measured TOT-count 1s within or
above a range, and an incrementing device configured to
increment the event counter when a measured TOT-count 1s
within or above associated range.

11. A radiation detector for measuring one or more char-
acteristics of a radiation, comprising an array of detector
pixels, a clock pulse generator, the array of detector pixels
comprising at least a first detector pixel and a second detector
pixel, the first detector pixel and the second detector pixel
separately comprising:

a sensor producing an electrical signal in response to an
event ol a photon or charged particle of said radiation
impinging on said sensor;

pixel electronics configured to recerve and process said
clectrical signal, the pixel electronics comprising:
an analog processing unit for amplifying and shaping

said electrical signal and producing a shaped pulse,



US 9,069,081 B2

19

a time determination unit for counting a TOT-count, the
TOT-count being the number of clock pulses occur-
ring during the time interval when said shaped pulse is
above a threshold, and

a plurality of event counters, individual ones of the plu-
rality of the event counters configured to count a num-
ber of events having a TOT-count 1n different pre-
defined ranges, the predefined ranges being defined
by digital energy thresholds;

wherein the predefined ranges of the individual event
counters of the first detector pixel differ at least 1n part from
the predefined ranges of the individual event counters of the
second detector pixel;

wherein the radiation detector further comprises a copy unit,
said copy unit comprising a recewving device configured to
receive a TOT-count value, a set of output ports copying said
TOT-count value, a set of comparing units, each comparing
unit comprising a set of TOT-count limit values, defining a set

of TOT-count ranges, and being associated with an event
counter, and comprising a detecting device configured to
detect when a measured TOT-count 1s within or above arange,
and an incrementing device configured to increment an event
counter when a measured TO'T-count 1s within or above asso-
ciated range.

12. The radiation detector according to claim 1, wherein
the pixel electronics comprises a receiving device configured
to recerve a normalized electrical signal at the mput of said
analog processing unit for calibrating said detector pixel.

10

15

20

25

20

13. The radiation detector according to claim 1, wherein
the pixel electronics comprises a recerving device configured
to recerve a normalized shaped pulse at the output of said
analog processing unit for calibrating said detector pixel.

14. The radiation detector according to claim 1, wherein
the array comprises columns of detector pixels, a readout unut,
and a transfer device configured to transier the counts accu-
mulated 1n a column to said readout unit while counting in

said column only 1s disabled, each column being transferred
successively.

15. The radiation detector according to claim 1, wherein
the radiation detector further comprises a transfer device con-
figured to transfer the TOT-counts of said detector pixels of
said array in a readout umt, a grouping device configured to
group pixels having a non-zero TOT-count value 1n 1slands;
and a summing device configured to sum the deposited dose
in each of the detector pixels of an 1sland for obtaining the
energy ol a photon or charged particle of said radiation pro-
ducing said 1sland.

16. The irradiation detector according to claim 1, further
comprising wherein a microcontroller 1s configured to oper-
ate 1n a power-saving mode and periodically wake up to read
outputs from the event counters.

17. The radiation detector according to claim 1, wherein
the predefined ranges of the individual event counters of the
first detector pixel and the predefined ranges of the individual

event counters of the second detector pixel include energy
level thresholds between 10 keV and 160 keV.
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